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ABSTRACT

This report documents and summarizes the results of the work performed
under NASA Contract Number NAS 9-4174, Apollo Space Suit Communication
Antenna System. The contract objective was to develop an antenna system for

. use with the Apollo astronaut communication and telemetry system that would
satisfy the electrical performance requirements, be compatible with the
mechanical interface requirements, and be able to withstand the lunar
environment. Descriptions of several antenna configurations are given together
with performance data for various antenna mounting schemes. Conclusions
and recommendations based on the results obtained are given.

The report serves as the program final report and as the materials report.
Conclusions and recommendations are given for the direction of any further

work in this area based upon the information obtained during this investigation.
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1. INTRODUCTION

This report describes a program whose objective was to develop an
optimum artenna configuration for the Space Suit Communicationé'(SSC).
Antenna System for NASA-MSC under Contract NAS 9-4174. The antenna
electrical performance requirements and mechanical interface requi'rer,ng‘nts
are reviewed. An analysis of the astronaut - LEM communication link used
as a guide in determining the antenna parameters is. given in Appendfx A. |
Several antenna types were stuc’iied and evaluated for this application and
the results are discussed. Sonde of the larger antenna structures considered
require a stowage-well in the Portable Life Support System (backpack) or
helmet to enable the antenna to be retracted when not in use. This requires
an erection-retraction mechanism and several of these devices are discussed.
As a result of the study and evaluation, the low profile dual frequency trans-
mission line antenna best satisfies the 'requirements of the antenna system and
a further, more detailed evaluation of this antenna was n:x_a’de and the results
are presented- in Section 3. 6, Detailed Evaluation of the Transmission Liﬁe
Antenna. Three flight-qualifiable antennas of the final design were fabricated

and the results of the evaluation of their performance are presented.



2. PROGRAM DEFINITION

The pﬁrpose for this program v&_fas to develop an optimum antenna configu-
ration for the Space Suit Communication (SSC) Antenna Systerﬁ. The SSC will
provide communications between an astronaut and a spacecraft or between two
'astronauts. The activity includes both a study and fabrication effort. The study
consists of a comprehel:lsive investigation of antenna types which may find
application, an analysis of erection/retraction techniques when applicable, and
an evaluation of the relative méfrits of each type with respect to this program.
As a result of the study, fixed and er_rectable/retra.ctable types of antennas
that best satisfy the antenna system requirements when located on both the
Portable Life Support System (PLSS) and the helmet are selected for de.sign
and fabrication and their performance evaluated. A single antenna design re-
presenting the best of the designs considered will then be selected for detailed
evaluation. Finally, three flight-qualifiable models of this design will be

fabricated and tested.
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3. TECHNICAL DISCUSSION

3.1 ANTENNA PERFORMANCE REQUIREMENTS

The perfo;'mance requiremenfs are based in part ui)on- the results of an
analysis of the astronaut - LEM communication link performed by Motorola.
This analysis is attached as Appendix A to this report. The more important
performance requirements are given below. ' |

Radiation from the antenna must not be more than 3 dB bélow the level of
a perfect isotropi'c radiator for at least 90 percent of the coverage defined by
elevation angles between -200 and +20° with respect to the antenna horizon
and all azimuth angles at a frequency of 259. 7 Mc and not more than 5 dB
below an isotropic at a freq\iency of 296.8 Mc. The nulls in the a'zimu.th‘
plane must not be more than 6 dB below the level of an isotropic radiator at
each of the above frequencies.

Design goals for the antenna inclucie pattern nulls in the azimuth plane no
lower than 3 dB below the level of an isotropic radiator.” The VSWR should
not exceed 1.2 at 259.7 Mc and 2. 0 at 296: 8 Mc. Radiation of the antenna must
have predominant vertical polarization. The antenna system must be capable
of.transmitting at least 75 millivolts average RF power.

Antenna types to be considered inciude both fixed and erectable-retractable
types. Antenna locations include both the upper surface of the PLSS and the
helmet. Electrical tests aré to be performed on an appropriate mockup of the
space suit and/or helmet. This mockup is an approximate electrical equivalent
of the actual SSC space suit. The nominal impedance of the telemetry com-
munications system is 50 ohms. Visors located on the helmet assembly are
assumed to be electrically (RF) bonded and of electrically conductive material.
3.2 INTERFACE PARAMETERS

An electrical/mechanical interface exists between the antenna aqd the EMU
thermal garmet. These are as follows: The PLSS is a parallelepiped 15 inches
wide by 8 inches deep by 25 inches high. The top of the PLSS is 2 to 3 inches

abaove the shoulder in the operational configuration. The top, rear, and

-3-




sic.:les of the PLSS. are covered with a removable fi‘t;erélass shell. A small
tubular configuration can be rétra.cted directly into the PLSS envelope. No
alteration of the PLSS envelope is allowed for an erectable/retractable
system. In any case, alteration of this envelope must be minimiz.evd. In no
case are protrusions allowed near the rear corners.

The thermal garmet is a loose fitting coverall tailored to enclose the
PLSS, helmet, and space suit. It is composed of multiple layers of alumi-
nized mylar. It is assumed the/i;e is good RF bonding between separate
the rmal garmets (less than 0.1 ohm) and between the SSC and PLSS cover.
The helmet surface is of a plastic material.

The antenna is to be with the helmet and the PLSS both of which are
covered by a thermal garmet. ‘The antenna design must avoid the i)ossibility
of puncture to the thermal ga.rmet or space suit. The erection/retraction ‘
mechanism must be positiw.re and lock in either position. The opening in the
thermal garment, when applicable, must be minimuzed. The erection/
retraction mechanism must be operated from the front of the astronaut and
require no assistance to him. Erection and retraction must be effected by
the performance of a single motion, cranking, pulling, twisting, etc.., and A
without visual inspection of the effecting device. The system must be capable
of complete retraction after sustaining slight damage. The weight of the
antenna should not exceed 10 ounces including an erection/iretracti_on mech-
anism. The thermal input to the spacesuit as a result of the addition of the

antenna system is not to exceed 4 watts.

3.3 INVESTIGATION OF ANTENNA TYPES

The following sections describe several antema.tyi)es that were con-
sidered for the Apollo astronaut communication antenna system. Relative
mechanical and electrical characteristics and fheir trade-offs are discussed,

3.3.1 Transmission Line Antenna

One structure offering the best performance with the least height is a

1%

form of a transmission line antenna. The basic design has been modified

*See Bibliography, Section 10.
) -h- \.-i‘-‘



an;i improved by Motorola and is directly applicable to the NASA. program.
Multiple frequency or multi-resonant structures of low profile and minimum
.volume have been devised. |

The basic concept of the transmission-line antenna is that of a srﬁall
monopole (rhuch less than a quarter-wavelength high) made self-resonant by
transmission-line top-loading. In order for a small monopole to radiate,
large currents must flow up and down the post, so that a place r‘nu'st‘ be pro-
vided on top of the post for chafge'to accumulate. A large disc might be
used to resonate the antenna except that the disc diameter becc;mes exces-
sively large for small antennas. Reducing the disc to a more desirable size
requires that lumped inductance must then be used to tune the antenna, re-
sulting in loss of efficiency due to energy &issipation in the inductance. A
much more efficient method of top-loading may be achieved by 'atta.ching a
quarter-wavelength of transmission line to the top of the vertical post, with
an open circuit at the opposite end; this provides a low impedance path to
ground for displacement currents, thus enabling large conduction currents
to flow on the post. The resulting vertical current element and its image in
the ground plane produce radiated fields. The currents in the horizontal
transmission line are opposed by those in its ifnage in the ground plane; the
fields resulting from these two currents are effectively cancelled in the far
field. As defined in the conventional sense, radiation resis’.cance of this
antenna is low and is proportional to the square of the post height; but with
the proper design and care in fabrication, this antenna can be made nearly
as efficiept as a quarter-wavelength monopole. The impedance from the
antenna to ground at any point on the post or line is real and rises rapidly
from the grounded end of the post. Shunt feeding thus allows any real input
impedance to be selected simply by adjusting the feed point on the antenna.

Dual frequency operation can be obtained by attaching two spiraled trans-
mission lines to the same post. Each transmission line accepts large currents

= L

only at its resonant frequency. Thus, efficient radiation occurs at two

frequencies, determined by the lengths of the two transmission lines,
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For this study tI{e dual frequency structure was selected to provide the
proper performance at both 259.7 Mc and 296.8 Mc. The configuration was
selected to provide a good balance between efﬁcieﬁcy and antenna volume.-
This structure was designed, fabricated, and tested on a ground plane td
evaluate its performance. This antenna is shown in Figure 1. The fiberglass
protective cover and the polyurethane foam potting material have been partly
removed to show the antenna structure. The electrical performance of the
antenna of Figure 1 with both pélyurethane foam and fiberglass cover complete
and in place and located on a cir‘cular' ground plane approximately 3/4-wave-

length in diameter is given below:

Pattern: approximately equivalent to a small
dipole ’

Polarization: “linear vertical

Gain: 255 Mc, 0.4 dB

295 Mc, 1.4'dB

VSWR: : 255 Mc, less than 1.24
295 Mc, less than 1. 24

- The above and all following gain figures in this report are referenced to
isotropic gain and are rheasured by the substitution method. It should be
noticed that the measurement frequencies differ s%ightly from the desired
frequencies of operatién set forth in the NASA Work Statement. This is the
result of optimizing the efficiency of the study; that is, the data are

sufficient and accurate and represent essentially the data for the same
antenna at 259, 7 Mc and 296. 8 Mc, the design frequencies, without consuming
time to adjust the test antenna e:ﬁactly to the design frequency. The final
form of this antenna will incorporate a small adjusting screw to trim the
resonant frequency. This adjustment need only be made once at the time of
manufacture, and the screw position can be locked in place. This technique
has been tried with great success on an engineering model of a spiral trans-

mission line antenna.
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It was determined experimentally that pottin'g this antenﬁa, as described,
results in approximately 1.5 dB loss in gain,

An alternate approach to the dual frequency transmission line antenna is
to use a pair of single frequency antennas. To determine the feasibility of
this approach, two modified quarter-wavelength spiral antennas were mounted
on a single ground plane; and the results of measurements on this antenna
system are given below:

Configuration: ‘ /’/Spirals wound with opposite sense;
1 1/4" diameter spaced 1/2" between
spiral edges; wire diameter 3/32'";
height, 3/4 inch; antennas not foamed.

Coupling: 255 Mg, 6. 5 dB
295 Mc, 10 dB

VSWR: - 255 Mc, less than 1. 24
295 Mc, less than 1,24

Gain: . 255Mc, 0dB
295 Mc, 1.3 dB

The isolation from ante;ma terminal to antenna terminal can be greatly
improved from the above figures by increasing the separation between the
antennas; and it is felt, as a result of a study of current ﬂow directions and
mutual coupling effects, the isolation can also be increased by a change in
the individual antenna configuration. Because of the increased antenna size
the dual frequency antenna is more desirable and consequently initial"
effort was expended in that area.

Measurements were made on a mockup of the space suit to gain information
on the relative merits of the PLSS location and the helmet location. The
results of these initial measurements are presented below.
3.3.1.1 .Transmission Line Antenna on PLSS

This is a fixed antenna mounted on the Portable Life Support Sy;stem

(PLSS). The antenna described in Section 3. 3.1 is reduced in overall size by

spiraling the transmission lines compactly around the vertical radiating element,

An improved version of this antenna includes larger elements for the vertical

-~

.



and horizontal members. This reduces the conductor losses and thus raises
the overall efficiency and therefore the gain. A further improvement separates
the resonant transmission line members vertically by one-half inch, By
providing the elements with the vertical separation, a half-wavelength mode

is avoided at the higher frequency. This half-wavelength' mode exists when
currents are not restrictéd to the proper quarter-wavelength arm, but also
flow through the entire antenna structure. Energy converted to this mode is
dissipated as heat, thus reduci";lg the overall efficiency and hence gain of the
antenna. When the half-wavelength mode is suppressed, the gain is raised to

a level commensurate with the low frequency gain,

This antenna is made of 3/32-inch diameter brass rod formed to the
spiraled antenna configuration, The antenna is placed on a small four-inch-
square ground plane 1/16-inch thick. Exact frequency tuning is achieved by
the movement of a threaded extension on the end of each spiraled element.
The entire assembly is silver flashed as a means of increasing the antenna's
efficiency. Figure 2 shows the antenna without the tuning elements and
protective cover.

Protection is provided by encapsulé.ting the spiraled elements in a
polyurethane foam material. The entire assembly is then covered with 1/16-
inch thick .epoxy fiberglass formed into a dome configuration.v This covering
is made to completely conceal the frequency tuning control screws at the end
of each spiral element. The entire assembly measures approximately 3"
diameter by 1 1/2 inches high, |

Preliminary measurements revealed three possible antenna locations on
the PLSS. Figure 3 identifies each of these positions.

Posi'tion 1 -- on the top- rear-center of the backpack.

. Position 2 -- four inches to the left (or right of Position 1, Thése

are located on the top of the PLSS in accordance

with the conditions specified in the Third Supplemental

Agreement to the contract,

7
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Position 3 -- the back surface of the PLSS at the top center.
This position demonstrates somewhat more
satisfactory results than those obtained at
either Position 1 or 2.

The antenna complete with polyurethane foam-in-place material and
fiberglass radome cover is placed on a four-inc‘h square ground plane,
Connection to the transmission line is through a coaxial connector on the

ground vpla'ne. The assembly is’/placed on the thermal garmet at the various
| PLSS locations. |

Performance of the antenna is shown for each of the PLSS locations in
the radiation patterné of Figures 4 through 9. These conical "azimuth"
patterns show the radiation level meeting the minimum requirements of -3 dB
and -5 dB only when viewed from behind the space suit mockup. Radiation
levels off the forward sector (face) drop to about -15 dB at the minima. This
is caused by the blocking effects of the helmet,

The measured VSWR for this antenna is 1.1 and 1.3 at 259. 7 Mc and
296.8 Mc respectively. ' -
3.3.1.2 Transmission Line Antenna on the Helmet

Electrically, this location shown in Figure 10b is best for a low profile
antenna. The disadvantages of this location are the increase in height of the
helmet/_visor protector assembly (less than 2 inches), the length of cable
required to connect it to the PLSS which contains the communications package,
and the necessity to complete the antenna connection when the antenna and
visor protector are donned. The diameter of the antenna is within that which
can be mounted to the visor protector. The thermal loading on the space suit
air conditioning unit will be within the acceptable maximum (4 watts). This
may be controlled by applying a proper surface coating to the expo;sed area
of the radome (such as a white epoxy coating with a high gloss and by mounting
the antenna on standoffs on the visor protector to avoid cémpre_ssing the
thermal suit. Meeting this requirement should not be difficult because of the

7
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long and deQious thermal ro'ute of the antenna into the space suit. The length
~of the cable run is not so long as to give excessive loss between the antenna
and the communication package.

Patterns obtained from the low profile transmission line antenna
mounted on the top of the helmet gave much superior patterns than those ob-
tained for an antenna on the PLSS. The maximum excursions of the gain in
~the azimuth plane were typically +3.5 dB. This variation in gain is attributed
to the asymmetries of the spac"'é suit; the dielectric face plate and the PLSS
are among the most obvious. It is thus felt that much superior antenna per-
formance can be obtained from the helmet location.

It is felt that the pattern asymmetries that do exist can be minimized
by the addition of a choke section on the antenna ground plane. This choke
could take the form of a partial hood consisting of three layers of aluminized
mylar that would drape over the sides and rear of the helmet in .a fashion simi-
lar to the present thermal garment., This extension need only Be approxi-
mately 6 to 8 inches larger than the antenna ground plane.

A change in the space suit concept resulted in the conductive thermal
garment being removed from the helme;t. Consequently effort was dropped on
the helmet location and was devoted ioward improving the transmission line
antenna in the PLSS location,

The results of the above preliminary measurements encouraged fur-
ther evaluation of the transmission line antenna on the PLSS., This is described
in detail in Section 3.5, Detailed Evaluation of the Transmission Line. Antenna,

3.3.2 Quarter wavelength whip

One of the most basic structures is the quarter wavelength monopole,
or whip.

This monopole, or whip, consists of a vertical radiating element
standing above a horizontal conducting ground plane. It may be driven by an
unbalanced line, such as coaxial cable, with the outer conductor connected to
the ground plane, and the inner conductor connected to the base of the radia-

ting element. A simple monopole is shown in Figure 11,

\
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Extensive analysis of monopoles have been done only for the case of

. radiating elements with circular cross section. However, the electrical

characteristics are not very shape dependent, and an "effective' diameter,
somewhat smallgr than the maximum cross-sectional dimension, can be
used for elements with non-circular cross sections.

The impedance presented to the coaxial line by a monopole is frequency
dependent. Generally, the first resonance occurs when the height of the
radiating element is about 0. 22 wavelengths, and a second resonance is
obtained for a somewhat larger height. The antenna resistanée at the first
resonance is 35 to 40 ohms, depending on the height-to-diametér ratio (L/D).
The bandwidth increases with a décreasing L/D.

In order to design a monopole for a particular frequency band, one must
use- graphs of the irhpedance vs. height of the antenna for various L/D ratios.
Such curves ﬁave been calculated theoretically, but the most satisfactory are
the experimental curves of Brown and Woodward. 3 The impedance and
reactance curves correspondiné to the configurations of Figure 11 are re-
produced in Figures 12 and 13,

To design an antenna to match a 50-ohm line, one must find a value o_f )
L/D for which the resistance is near 50 ‘ohms, and simultaneocusly, limit the
reactance to about +25 ohms to maintain a good match, If a large bandwidth
is desired, these conditions must’be,met for a range of values of antenna
length, since the antenna length in electrical degrees is directly proportional
to frequency, |

‘Most monopoles do not conform to the simple configuration of Figure 11(a),

but have some more complicated feed point condition, such as shown in

- Figure 11(b). The additional feed point capacitance of this configuration changes

the impedance characteristics. To account for this, the larger base capacitance

can be added to the impedance in the diagram, and a new impedance plot can
be constructed; or one can simply choose a promising antenna from the curves,
and then measure the effect of the chosen feed point characteristics when added

to the antenna impedance,
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The advantages of the quartér-wavelength monopole or whip are, that it
offers good patterns and efficiency with a simple structure. Its main dis-
advantageé are its length (approximately 10 inches at 300 Mc) and, for this
application, its narrow band of operation. For very thin whips, such as
would be made from spring steel wire, the input VSWR's of the antenna at
260 Mc and 300 Mc would range theoretically from approximatély 2,6 to over
5.0. This antenna can be made more broadband by increabsing ‘the diameter of
the whip., The input VSWR can "'i).e reduced to appi‘oximately 2 0 at both 260 Mc
and 300 Mc for a whip diameter of 1/3 to 1/2 inch., To reduce the VSWR much
below this value required a correspondingly much larger whip diameter.
3.3.2.1 Quarter-Wavelength Whip Antenna on Helmet

This is an erectable/retractable antenna which is placed on the tdp of the
space suit helmet. The radiating element consists of a 0. 35-inch wide strip of
thin beryllium copper shaped into the arc of a circle and then heat treated to
hold its shape. The resulting tape is then perforated along its center for
operation in the erect/retract mechanism. The element is base-fed from a
coaxial line. The antenna and i’ts erect/retract mechanism are placed over a
spherical cap ground plane which is placed on the thermal garmet over the
space suit helmet, |

Tests show that optimum performance is obtained when the antenna is
located approximately 5 inches behind the leading edge of the thermal garment.
Radiation patterns showing conical "azimuth" cuts at various elevation angles
are given in Figures 14 and 15 for 259.7 Mc and 296. 8 Mc respectively. These
patterns shown the antenna gain to be greater than the specified minima of
-3dB and -5 dB.

The VSWR of this antenna measures 2.0 and 1.4 at 259. 7 Mc -and 296. 8 Mc,
respectively,
3.3.2.2 Quarter- Wavelength Whip: Antenna on PLSS

This antenna consisted of a 0. 032-inch diameter brass rod attached to an

RF connector mounted on a 4 inch diameter ground plane, Radiation patterns

-2
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were measured on this antenna while mounted on the approximate top center
of the PLSS. These patterns have been reduced to the contour plots of

Figures 16 and 17 showing radiated power relative to an isotropic radiator.

The contours shown are for radiation power levels lying between +2 and -12 dB

at 2 dB increments. The percentage of the total area covered by the respective
2 dB increments is shown in the lower left hand corner of each figure.

3.3.3 Helical Antenna

3.3.3.1 Helical Whip s
‘The helical whip is a normal mode helix with the parameters adjusted to

give essentially a vertically polarized pattern. The pattern is comparable

to a quarter-wavelength monopole, and a helix winding allows a shorter structure

to be realized. Several of these antennas are shown in Figure 18 along with a

conventional quarter-wavelength whip., Size reduction is approximately 33

percent in length., As a result of the inductive loading, the passband is narrower

than a whip and thus has higher VSWR's. Patterns are comparable to those of
the whip. Measurements of VSWR with the antennas placed on an 1l-inch
circular ground plane are 260 Mc, 3.0; 300 Mc, 3.5. These values may be
reduced with an appropriate matching network. Gain is within 0.5 dB of the
gain of the quarter-wavelengtih whip.
3.3.3.2 Dielectric Rod Helical Whip

The size of the helical whip antenna can be further reduced by dielectric
loading of the helix. During fabrication, the helix is imbedded in a dielectric
rod th;t is coaxial with the helix and slightly larger than the helix., Size
reductions of up to 50 percent are not unusual, and the pattern remains
essentially unchanged. The input impedance is somewhat affected .by the die-
lectric loading.

3.3.4 Sleeve Monopole Antennas

For a conventional monopole, signal is applied between the base of the
monopole and the ground plane, but the impedance of such a monopole is

usually less than 50 ohms, at the first resonance.
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- The reactance of a monopole can be lowered by; increasing the diameter,
and its radiation resistance can be increased by raising the fee@ point. The
sleeve monopole configuration aécofnplishes both of these objectives by
making the lower part of the monopole the outer conductor of a coaxial trans-
mission line; the inner conductor being connected to the upper part of the
monopole (which may be of a different diameter). The outer conductor of the
coax is, of course, the ''sleeve', |

The sleeve monopole, described by Figure 19, is a broadband form of the

vquarter—wa\}elength monopole. Thé input impedance (and hence VSWR) is a

function of the ratios-‘% and I where 2, L, ID, and d are defined as in Figure
19, One model with-I-:= 2,5and D = 0.5 inch has a VSWR of less than 2 at

both 260 Mc and 300 Mc. This figure can be impro'\;ed if D (and also d) are
allowed to assume lar-ger values. Pattern and polarization are equivalent to
a quarter-wavelength monopole.

. "Theoretical calculations of the characteristics of sleeve monopoles have
not been carried out to any large extent, so one must rely on empirical data.
One good source is the exteﬁsive experimenfal investigations of Norgorden
and Walters. 2 This reference gives the impédances of sleeve monopoles of
total length 30 inches in the configuration shown in Figure 20, for different
sleeve diameters, different radiator-to-sleeve length ratios, a.nd different
radiator diameters. Typical resistance and reactance curves are shown in
Figure 21. For these curves, the sleeve diameter is one inch and the radiator-
to-sleeve length ratio is 0.5. .

It is clear from the reactance curves that a good match to 50 ohms occurs
when the reactance curves approach zero, as they do between 250 Mc and
310 Mc The resistance matches 50 ohms at about 270 Mc.

These curves were taken on a very large ground plane, and the impedances
on a small ground plane are quite different. Therefore, it is necessary to |
experimentally check the effect on the impedance of the ground configuration

actually used.
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3.3,4.1 Sleeve Antenna on PLSS

This is a fixed antenna mounted on the PLSS, It is considered in this
study as a candidafe for. an erectable/retractable antenna system. It consists
of a 20" long, 1" diameter sleeve, with a 1/2" diameter inner conductor,
terminated in a 10" monopole element with a 1/4" diameter. Protective cover-
ing is not needed as all exposed parts are metallic.

As the antenna is designed, it i‘zas particular merit in the catego-ry of
erectable/rétractable antennas/. and., as will be seen in Section 3. 4 2, it can
be used with a deployment system similar to that used for the discone antenna.

Tests were performed with the antenna mounted on the front center of the
PLSS, with the feed point 20" above the top surface of the PLSS,‘ and with the
bottom of the sleeve grounded to it. Reactive ‘currents flowing down the
sleeve and over the thermal garmentdeteriorated the performance at both
frequencies. Figure 23 shows the installation and indicates the probable
current paths on the thermal garment.

In order to restrict currents to the ant.enna proper, two concentric
quarter-wave chokes are added, one for each of the operating frequencies.
Figure 22 shows the antenna and its choke sections. These chokes are installed
around the sleeve and adju.sted for optimum patterns. The best performance
is obtained whén the combined length of the choke section and the monopole is
approximately one half-wavelength and the feed point is 20 inches above the
center of the back edge of the PLSS:

This design yields relatively smooth radiation patterns at each of the
desired frequencies, The antenna gain measures better than -3 dB over a
major part of the volume of interest. The VSWR is less than l..Z at each
frequéncy.' Figures 24 and 25 show typical radiation patterns. .

.3.3.5 Spring Supported Monopole Antenna on Helmet

This antenna shown in Figure 26 is mounted on the top of the space suit
helmet and includes an erect/retract mechanism described in Section 3. 4. 1.

The electrical design of the antenna is strongly influenced by the mechanical



SUOT}09S 930yD Y33uaTaAeM
Jojaend) Y3 tM @Todouoy aaeeTs




FIGURE 23. SPACE SUIT YOQ(UP SHOWINO SLEEVE ° .,
MONOPOLE MOUNTED ON PLSS WITH ESTIMATED
INDUCED CURRENTS .
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Spring Supported Monopole Antenna With
Resonant Ground Plane Mounted On A
Dielectric Covering




requirements of the erection mechanism but follows in principal the design
described in Section 3. 3. 2.

For this antenna's erection mechanism a large diameter spring is used t'o-
support a cylinder of flexible conductive material. Because the antenna is a
monopole over a ground plane, the cylinder is made a quarter-wavelength
long. The large diameter of the spring causes the antenna to have a small
length-to-diameter ratio (L /D = 20) which results in a broadband characteristic.
The element is placed over a s‘bherica,l cap ground plane which covers the top
of the space suit helmet. The element is connected to a coaxial connector
through the base. The entire assembly is placed directly over the thermal
garment,

Tests show that optimum radiation patterns ai‘e obtained when the antenna
is located approximately 5 ifiches behind the leading edge of the thermal
garment, Patterns taken of the prototype antenna in this location are shown in
Figures 27 and 28. These patterns show the antenna gain to be greater than
the -3 dB and -5 dB minimum (for 259.7 and 296. 8 Mc, respectively), over
the principal amount of each conical sector. An exception is seen at 0 = 90°
for the 259, 7 Mc pattern, where 0 is the angle measured from the zenith to
" the elevation angle of interest,

Measured VSWR on this antenna is less than 1.3 across the band.
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3.3.6 Loaded Monopoles

3.3.6.1. Folded Monopole

If a monopole were folded as shown in Figure 29, the bandwidth can be
increased somewhat over a standard whip. The amount of bandwidth in-
crease is dependent on the particulér design parameters. The folded mono-
pole is as long as a quarter-wavelength whip, and the input impedance can
be adjusted by controliing the ratio of the diameters of the two arms com-
posing the antenna and the se"paration of the arms., Polarization, pattern,
and gain are comparable to the'qu_.arter-wavelength monopole. Since the
arm separation must be controlled, the structure can be flexible in one
plane only, that is, the vertical plane normal to the plane defined by the
two arms of the folded monopole. Also, since one of the arms of the antenna
must be grounded, it is not as easily adapted to an erectable/retractable
technique as the single arm monople such as the whip and the sleeve antennas. .
3.3.6.2 Capacitively Loaded Monopole

The folded monopole can be reduced in height by capacitive loading. One
antenna utilizing this technique is described in this section. The antenna
pictured in Figure 30 is referenced to as a ''top hat'" antenna. It is composed
of a capacitively top loaded folded monopole. The diameter ratic of the two
vertical posts and the post separation determine the input impedance. . This
allows the input impedance to be adjusted independently of ' the other antenna
electrical parameters. The pattern of this antenna is similar to that of a
quarter-wavelength monopole on a ground plé.ne. The bandwidth of this antenna
can be made greater than that of a quarter-wavelength monopole thus per-
mitting a better input VSWR to be realized at the two design frequencies,
Typical dimensions of this radiator are four inches high and a top hat diameter
of three inches. The antenna height can be reduced to as little as two inches
(with a five inch diameter top hat) with a bandwidth one~-third as large. While
this would result in VSWR's greater than 2 at the design frequencies, the
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3.3.6.3 Inductively Loaded Monopole
The height of a folded monopole can also be reduced by inductive load-

ing as described below. An alternate design approach to reduce the folded
monopole height uses a loading inductor in each of the folded arms. In this
case, the tops of the .two'vertical arms are simply j.oined by a short hori-
zontal conductor as in the simple folded monopole. The disadvantage of
eliminating the top cap by inductive loading rather than by capacitive load-
ing must be weighed by the lo’é_s in gain due to the addition of the inductors
to the arms, from 1 dB to 2dB, depending on.the degreé of height reduction.
3.3.6.4 Ferrite Loaded Antennas |

Ferrite antennas are not normally considered for transfhitting antennas.
The high values of fields appearing across the ferrite material saturates it,
reducing the effective relative permeability to a low level. This in tul"n
destroys the effectiveness of the ferrite loading; thus, ferrite loaded an-
tennas are not of significant value for this application.

3.3.7 Discone Antennas

A wideband antenna offering good patterns, VSWR's, and gains at both
frequencies is the discone antenna,

The inverted discone antenna used in this investigation can be considered
to be composed of a broadband monopole (cone) mounted on a small circular
ground plane (disc). The structure is fed by a coaxial line with the center
conductor attached to the cone and the outer conductor attaéhed to the disc,
The solid surfaces of the disc and cone can be approximated with success
by ribs, or radicals. To get the radiation pattern maximum at low eleva-
tion angles, say on the horizon, the radials comprising the disc can be
drooped to form an inverted cone. Such a model is shown in Figure 31.

In appearance, and to some extent in performance, it is similar to a bi=
conical antenna.

The impedance characteristics of a discone antenna can be related to the

theoretical results for a biconical antenna, and extensive experimental re-

6=
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sults also exist. These show that for a cone angle of 60°, a good match to
50 ohms is obtained at all frequencies above a certain cutoff, determined by
the diameter and height of the antenna.

3.3.7.1. Discone Antenna on PLSS

This antenna is an erectable/ retractable type having the capability of
being folded into a compact volume and stowed within a narrow well, Be-
cause of this mounting requirement,. special consideration is given to the
selectioﬁ of materials to be uéed as the antenna elements. Early models
used small cylindrical brass rods shaped into an inverted discone to demon-
strate the electrical characteristics of a collapsible antenna. Patterns and
impedance were measuredat various PLSS locations.

In the. prototype model, the brass rods were replaced with beryllium
copper strips. Each of these is shapéd so its cross section is an arc of a
circle, and then heat treated. This gives them the required mechanical
rigidity when the antenna is erected, yet sufficient flexibility to allow re-
traction. The antenna radiating element consists of six of these strips
shaped into a cone measuring 16 inches long and having a 30 degree includ-
ed angle. The cone is fed by the center conductor of a 10-inch section of
rigid coxial line. Located at the feed point, the disc section is connected
to the outer conductor of the coax.

Patterns taken with this antenna located at various PLSS locations in-
dicated the presence of reactive currents on the feed line aﬁd on the space
suit. These currents were removed by tri::nming the disc elements to a
quarter-wavelength and bending them into a conical shape back over the
coaxial section at a 32-degree angle., This changes the antenna from the
classical discone to a néarly biconical configurafion.

Patterns taken with the feed point 10 inches above the center of the back
edge on the PLSS are shown in Figures 32 and 33. These patterns show a gain
level well in excess of the minimum of -3dB allowd at 259.7 Mc and -5dB

allowed for 296.8 Mec.
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Measured VSWR is in excess of 3 at each frequency. However, a Smith
chart impedance plot shows that the reactance falls within a symmetrical
semi-circle about the chart's center. This inidicates that a simple reac-
tive matching section may be inserted into the coaxial feed line to yield a
well-matched system at the two frequencies of interest. This matéhing sec-
tion will not add significantly to the size or weight of the unit. The main
objection to this structure is its size: 1/3 wavelength long at the lowest
frequency, 0f13.9 inches, andfa cone and disk of 7.4 inches (at the base)
and 6 inches in diamefer respectively. Even if the structure were composed ‘
of rods as shown in Figure 31, it would be much heavier than the antennas
discussed so iar.

3.3.8 Bow-Tie Antenna

~ A bow-tie antenna such as shown in Figure 34 can be considered to be a
flattened biconical antenna, and most of its properties are similar to those
of a biconical. It is very broadband, above a cutoff frequency (typically
such that the length of each arm is about 1/6 wavelength), and its impedance
depends on the vertex angle of the two triangles. (Impedance increases from
70 ohms to more than 150 ohms for large angles.) This antenna in free space
should be fed from a high impedance balanced line. The broadband properties
of the bow-tie antenna are compromised if it is:located near to and parallel with
a large conducting surface. The large mutual impedance between the antenna
and its image in the conducting surface varies rapidly with frequency, causing
the input impedance also to. change rapidly with frequency. As a result, the
antenna becomes a narrow band device.
3.3.8.1 Bent Bow=-Tie Antenna on Helmet

The bent bow-tie is a fixed antenna located on the space suit helmet.

This antenna was originally designed to operate over a dielectric helmet, some
distance from any conducting objects, However, since on the SSC System

helmet it must operate near the electrically conducting thermal garment more

51—



FIGURE 3l.

_TRIANGULAR ARMs“ 3

‘ E BALANCED .
TRANSMISSION -
LINE :

BOW TIE DIPOLE ANTENNA 3



plane.

Several possible bow-tie configurations were studied (see Figure 35)
which would help to alleviate these problems. However, most of these in-
volved increasing the size of the helmet structure.

In order to obtain the best possible performance from a bow-tie antenna
mounted under these conditions, a configuration using two identical bow-tie
antennas is used. These are mounted on each side of the helmet, having
their elements oriented as nearly vertical as possible. They are separated
from the thermal garment ground plane by one inch of low loss foam. Their
ends extend from the top center of the helmet to an area just over the ear
position. Kach eiewment ic center fed with a balanced line and connected to a
coaxial line through a matching balun., These elements, their baluns, and
connecting lines are identical units in their electrical design. They are
driven in phase from a balanced tee power divider.

Radiation patterns are shown where the twin bow-tie antennas are placed
on a simulated helmet and visor protector. Aluminized mylar separates the
antenna from the helmet. The baluns are extended through the helmet interi-
or to prevent their affecting the radiation field. In a final design, these baluns
would be the coaxial type following the contour of the helmet. The patterns are
shown in Figure 36. The minima observed in the azimuth patterns are caused
by the array factor of the two antenna elements.

Placing the antenna on the space suit mockup results in further degrada-
tion of the pattern as shown by Figure 37. These patterns represent the antenna
in its most optimum form when mounted in this configuration. The reason for
the deep nulls is found by scanning the suit with a current proBe and locating
current maxima at various points. These currents result in spurious radia-
tion sources. A great deal of effort was devoted to eliminating the suit cur-
rents by means of various chokes in and over the thermal garment and by
chokes in the transmission line cable. However, this problem cannot be easily

overcome, and thus this arrangment represents the . best arrangement for
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the bow-tie antenna without going to more elaborate arrays requiring complex
feed systems.

3.3.9 Slot Antennas

Slot antennas offer a complete flush mounting capability and thus were given
an evaluation for this study. To obtain vertical polarization requires that a
slot antenna be mounted horizontally., The pattern of a slot antenna is omni-
directional in the plane normal to the long dimension of the slot with the E~
field parallel to the plane, and nulls appear off each end of the slot, Tﬁus, to
obtain an omnidirectional vertically polarized pattern requires at least a pair
of slot antennas in the horizontal plane and one slot 90 degrees (in the horizon-
tal plane)from the other, that is '""crossed slots,! The slots also have 90
electrical degrees between them. An air filled resonant slot is approximately
20 inches long; and if this dimension was reduced by half by dielectric loading,
it would still be large. For this loaded antenna, a depth of 5 inches would be
desired; however, this could be reduced some with a corresponding degrada-
tion of input impedance (VSWR). In any event, a depth of 2 or more inches
would be required. In view of the large volume required by a crossed slot.
pair to obtain the necessary radiation pattern, the slot antenna was not con-

sidered.



3.4 INVESTIGATION OF ERECTION-RETRACTION MECHANISMS
Erectable-retractable antennas will have inherently lower reliability be-

cause they must have movable mechanical and electrical components. By

proper choice of materials and methods, the reliability can be maximized

if this design should evolve as the mounting scheme yiélding thé optimum per-

formance. The problem of material specifications is multiplied for erectable

antennas. Problems such as flexing and shock at very low temperature,

cold welding of similar materi’éls at very low pressures, etc., compouﬁd the

design problems. Another distinctive disadvantage of this type antenna is

the larger volume required to accommodate it and its erection/retraction

mechanism.

3.4.1 Helmet Systems

Several helmet mounted erectable antennas are considered. The type
- with the most merit mechanically is the simple spring mounted whip, as
shown in Figure 38a which is restrained by a dielectric cord until the astro-
naut is outside his spacecraft, at which time he can release it by merely re-
leasing the cord. When he wishes to re-enter the cré.ft, he again pulls the
cord and attaches it to a pin, hook, or other fastener. It may be possible
that the antenna will not need to be retracted but can be left exiended. As
the astronaut dons his thermal garment and visor protector, the antenna
will be in place and, being spring mounted, will not be damaged during im-
pacts which may occur during missions out of and back into the craft. Both
of these types have very high reliability because of their simplicity.
Another type employs the same flexible wiré whip except that for storage
it is pulled down into a tube mounted to thé helmet (see Figure 38b). This
would be erected and retracted by pulling on one or the other of the 2 cords.
This design would require a sliding RF connection or a flexible cable attach-
ment to the whip. |
Figure 38c shows a monopole which consists of an aluminized mylar

cylindrical envelope which would be extended by releasing a coiled spring
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inside the envelope. Retraction is accompliéhed by pulling a cord which
compresses the spring into a cylinder of minimum height. No movable RF
connection is required. The mechanical design and implementation would
be less difficult than the whip monopole, and the reliability would be high
because of its relative simplicity.

A similar aluminized mylar envelope could use air pressure from the
suit as the erection mechanism. (See Figure 39b). This method is not
highly recomfnended because of the possibility of leakage, valve problems,
and susceptibility to damage. |

A spool of very thin }:eat treated beryllium copper which forms itself
into a long cylinder when unrolled (see Figure 39a) is a consideration for
this application. A similar type is used on the Canadian "Alouette' satellite
"which extends monopole arms to 75 feet.

The last ty)pe considered is a steel rule type which extends and retracts
similar to its namesake (see Figure 39c). It could be extended or retracted
by pulling on one or the othc;:r of the two cords, or possibly one depending
on the design of this mechanism. This would require a movable RF connec-
tion which reduces its reliabilit}.r. |

Figure 40 is an example of a helmet erection-retraction system.

The antenna consists of a thin metal strip which is attached to an RF con-
nector at its lower end and is operated by pulling a béad—chain. ‘The radiat-
ing element is made from a 6 mil thick strip of beryilium copper, 0.4-inch
wide, formed and heat-treated in 2 shape similar to a common flexible steel
measuring tape. The tape is permanently attached to an RF connector and
is wound around it approximately three times. In the retracted position,
the tape is stowed inside a housing made from plexiglass. The antenna
element is perforated at intervals along its center line to match a dielectric
bead-chain, against which it is held tightly for a short interval. As the bead-
chain is pulled, the antenna element is drawn out of its storage cavity and

pushed upward into its operating position. To retract the element, the other
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end of the chain is pulled until the element has béen completely drawn into

the cavity. The retraction device is contained in the plexiglass housiﬁg. The
experimental model measures 3 x 1.25 x 1 inch; however, these dimensions
can be significantly reduced in a prototype model.

Another helmet erection-retraction technique is shown in Figure 26.

The spring monopole antenna is made up from a flexible conductive en-
velope, a supporting spring, a cord for retracting, and a ground plane with
provisions for RF connections/. The conductive envelope is made from one
mil aluminized mylar having a vacuum-deposited film of aluminum on each
side. This mylar is formed into a cylinder and bonded with mylar tape. The
spring is made from heat-treated beryllium copper. The spring has wires
soldered across the inside which contain loops at the spring center through
which the retraction cord is guided. The retraction cord is of woven nylon
material. The conductive cylinder is applied around the spring and fastened
top and bottom with thin aluminum caps. This assembly is fastened to the
grouﬁd plﬁne through teflon insulators. The RF cable is attached to the bottom
of the ground plane and to a screw on the radiating element which projects
through the‘ground plane. The operating cord is also run through this screw.
The antenna is re:cracted by pulling the nylon cord, and is erected by releas-
ing'the. cord. A spring-loaded locking device holds the cord and thus the
antenna in the retracted position. The lock is released by pulling on a second
cord.

3.4.2 PLSS Systems

The major reason for using an erectable type antenna system on the PLSS
is to raise the radiator to the height above the helmet and its associated
visors, shields, and thermal garment. The erected support mast will extend
further above that height. Because of the high reliability requirements, a
simple erection mechanism is desirable and it, too, must be implemented
with controls in the chest area of the suit. The two major problems associated

.
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Figure 41 shows an arrangement of the system that requires a
simple pulling motion to erect the antenna and a similar motion on another
cord for retraction. The antenna slides up and down inside a tube which
- may be either inserted into the PLSS package proper or may be mounted ex--
ternal to it. \I‘he slack in the pull cords is taken up by winding on a spring-
leaded wheel inside this tube. The system is completely manual so that re-
liability is at a maximum. If the antenna is slightly damaged during egress,
it can still be operated by appl";ling a greater than normal amount of force
on the pull-cord. Construction wiil be of aluminum alloy with dielectric
materials as required.

A variation of this design is shown in Figure 42. In this design, the
erection is aecomplished by releasing a coiled spring, again by pulling a
cord. Retraction is manual as in the system above.

Several variations of these systems are po's sible, the difference being
~ the method for erecting and ‘retracting the antenna. This could be done with
springs, ele'g:tric motors, hand cranks, compressed gas cartridges, etc.,
but the reliability goes down as the complexity increases.

Another possible configurationv (see Figure 43) consists of an antenna,
completely external to the PLSS, which is folded along the side of it and
swings either around to one side for the back and up to a vertical position.
This, 'ag-ain, can be accomplished by.either manual pull-cords, or a com-
biﬁation of mechanisms as noted above. This requires much more volume
in which to erect the antenna.

The RF feed for these antennas may be any of those shown in Figur‘e 44,
Figure 44a is a plug-receptacle type which requires good alignment and com-
plete extension of the antenna for operation. If volume .is available, a slack
cable would be the simplest and most reliable type of connection as shown
in Figure 44b. The temperatures in which standard cables may be operated
are within the temperatures expected within the PLSS. Either an RF rotary
joint or a cable which bends or twists may be used for the antenna shown

in Figure 44c.
-6lj=
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An éxample of a. PLSS erection- retractioh system is shown in Figure 45.
. Here a discone antenna is ex.'nployed on a manual erection-retrac‘tion s&stem
similar to that shown in Figure 41.

The discone antenna 1s fabricated,'using 6 mil thick by 0.4-inch wide heat
treated beryllium copper, formed on a 0.38-inch radius arc across the 0.4-
inch width as the cone elements and 4 mil thick material for the radial disc
elem;ants. The elements are fastened at their bases to small machined cones
and held in place by machine screws. The support/mast for this assembly is :
'~ a section of figid, teflon-insulated, coaxial line. The “disc' section is
actually a cone with a 64° apex angle, with the apex upward, thus forming a
biconical antenna, rather than a common discone. ‘

The erection/retraction mechanism cons_isté of a closed loop cable which
runs through guides, around pulleys, around the neck of the astronaut and is
fastened to the antenna. This arrangement is similar to that shown in Figure
4l1. The antenna retracts into-an epoxy-bonded fiberglass tube 29-inches
long. A positive lock has been incorporated into the de sign which locks the
antenna at its upper and lower limits. To erect the antenna, the operator
first pulls on both ends of the cable, which is located in the chest area. This }
pull retracts the locking pin and. the antenna is free to move. Ile then pulls
harder on the ere':cting ca;ble and the antenna assembly will be raised in the
tube. As the antenna feaches its erected position, the lock pin snaps into
place. As the elements leave the tube, they automatically snap into place.
To retract the antenna, the motions are repeated, pulling on the retraction
cable until the lock pin snaps into place. On retracting, the elements hit i
the edge of the tube and are folded into place as they are further retracted. ;

The'erection/ retraction mechanism is now designed for the discone an-
tenna model with horizontal disc elements. When the elements were changed
to point 58° downward from their mounting point, the folding problem was
‘compounded. The elements must bend through a greater angie and thus are

subjected to greater stresses. A partial model has been made of a mechanism

i
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which demonstrates that these elements may be folded downward against the
support before being retracted into the tube.
3.5 DETAILED EVALUATION OF THE TRANSNU.SSION'LIN E ANTENNA

The desirable mechanical and electrical properties of the dual frequency
transmission line antenna defined earlier in the program and described in ,
Section 3. 3.> 1 dictated that a further evaluation of this antenna be made.
Consequently the transmission line antenna was developed into an engineer-
ing prototype model. This effGrt consisted of designing the engineering
. - model of the transmission line antenna described in Section 3. 3.1 into an
engineering prototype antenna. Specifically, the antenna ground plane size
and shape were defined and a protective cover was provided. Also a method
of attaching the antenna to the PLSS thermal garment was defined.

Measureménts were made of the antenna's VSWR and radiation pattern
using various fabrication and mounting techniques. These measurements
indicated the antenna's ground plane size and shape have negligible effect
on the overall performance. However, it was found that a positive RF coupl-
ing must be maintain-ed between the antenna ground plané and the PLSS
thermal garment. As a final design a four-inch diameter ground plane,
0.064 inch thick was used. The antenna was potted with a foam-in-place
polyurethane material and an epoxy-fiberglass radome was provided. A
small slit is placed in the PLSS thermal garment cover to allow protrusion
of the antenna cable and connector.

Electrical performance tests were made on the completed antenna de-
sign. These tests included antenna radiation patterns and impedance. The
tests were made with the antenna mounted on the top surface of the PLSS,
located at its approximate center. Measurements were made at the Motorola
Antenna Pattern Range Test Facility and were suppiemented with anechoic
chamber radiation pattern tests. The purpose of these tests was to verify
the antenna design and to show its electrical performance for the specific

mounting method.



Measurements of VSWR show the following results:

Frequency ' . VSWR
MC B
258.08 . L3
296. 80 - 1.5

To determine the ahtenna's radiation level over the volume. of interest,
radiation patterns were taken about the antenna's vertical (Z) and horizon-
tal (X) axis. All measureménts were made with the antenna/mockup orien-
ted according to the coordinate system of Figure 46. The patterns taken
about the Z axis were taken at values of 0 = 70, 80, 90, 100 and 1100, while
those taken about the X axis were taken at values of 0 measuring from 0°
through 360° at 45° increments. The data were reduced to a contour plot
showing levels of radiated power relative to an isotropic radiator. Angles
of 6 are plotted along the ordinate and angles of $ are given on the abscissa.
Thesg data are shown in Figure 47 and 48 for frequencies 296.8 Mcs and
258.08 Mcs respectively. The contours shown are for radiation power levels
lying between +2 and -10 dB at 2 dB increments. The percentage of the total
area covered by the réspective 2 dB increments are shown in the lower left
hand corner of each figure.

Following a study of this data a study was undertaken to improve the per-
formance of the transmission line antenna by relocating it on the PLSS. This

relocation would attempt to decouple the antenna as much as possible from

the thermal garment of the space suit. Following a brief empirical study of

mounting methods, the antenna was raised from the thermal garment of the

- PLSS 2.5 inches. The 4-inch ground plane was supplemented With a separate
ground plane extending out f1;om the antenna 5.5 inches to either side and

| approximately 10 inches over the back of the PLSS, where it was separated

from the PLSS thermal garment by a l1-inch layer of foam. The results of

this relocation are shown by a contour.plof of radiation power levels shown

igure 49 and 50 for each of the respective frequencies. In each instance

the relocation caused a slight change in the optimum frequency of operation.
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Of particular significance, however, is the notéd improvement in the opera-
tion at 257.1 mcs. _ ~~

- As the antenna development continued the ii)erforma.nce of the antennas
imProved. A later, modified engineering prototype x;lodel gave significantly
irni)roved performance. This aﬁtennAa. 1s shown in Figur;a 51.

This antenna was mounted on the spacé suit mockup PLSS and tuned for
é.n optimum impedance match at 259.7 Mcs and 296.8 Mcs. Results from
this test Qhow the antenna has"’.a VSWR of 1.3 and 1.6 at each of these fre-
quencies. »

VSWR tests were also made of the antenna mounted on a 36-inch diameter
mef‘allic ground plane. This‘ test shows a high VSWR at the original resonant
frequencies. This is to be expected since the antenna was originally fune.d
on the PLSS. The transmission line antenna is closely coupled to surround-
ing objects with s;ﬁrong ground currents and for this reason it is reasonable
. to expect changes in the frequency of operétion and impedance as it is moved
from one ground plane condition to another. The VSWR test shows the an-

tenna has a VSWR of 1.85 at 259.7 Mcs and 3.0 at 296.8 Mcs. The VSWR at
the new resonant frequencies are 1.68 at 259.830 Mcs and 1.36 at 296.032
Mecs.

The modified antenna was tested in an RF anechoic chamber for its radia-
tion pattern. Data from these tests were compiled and reduced to contour
plots showing levels of radiated power over the sector of interest relative to
an isotropic radiator. These data>are shown in Figures 52 and 53 for fre-
quencies 259.7 Mc and 296.8 Mc respecitively with the antenna mounted on
the PLSé. The contours shown are for radiation power levels lying between
+3 and -12 dB at 3 dB intervals. The percentage of the total area covered
by the respective 3 dB levels are shown in the lower left hand corner of each
figure. For comparison with the performance of a whip antenna, compare
the cont'our,.plots of Figures 52 and 53 with those -for the whip, Figure 16 and

17 of Section 3.3.2. Data taken while the antenna was mounted on a 3b6-inch
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diameter ground plane are shown in Figures 54 and»SS for-frequen.ciés of
260.92 Mcs and 296.032 Mcs respectively, _

In addition to the contour plots individual radiatioﬁ ‘pa.ttlerns are also in-
cluded. These show the in-plane. polar'izat_io'n and cross poiarized patter;xs
for the ar;tenna as it is mounted on the ‘PL.S-S and on the 36-inch ground plane
at the above frequencies. These data are shown in Figurés 56 through 67.
Ea._ch figure is labeled for its respective sector of interést, pb_larization, fre.-
quency, ax;d method of antenné: mountihg. |

To determine thé performance of the antenna under conditions most closeiy
simulating those in actual use, measurements were made with the antenna
é.nd the mockup PLSS mounted on a person outfitted with an actual space suit
and helmet. For comparison, patterns were alsb taken with the transmission
line antenna replaced by a quartér wavelength whip. The tests were performed
in an anechoic chamber. The results are shown in Figures 68 through 73.
Data was limited to 0 = 90 degrees + 10 degrees due to the difficulty of the
subject to remain in position at 20 degrees of elevation or depression. Ex-
amination of this data results in two conslusions.

1. Patterns on the meockup space suit and with a person wearing an
~ actual space suit are in relatively close agreem-ent’; minimums are
within 2 db. '

2. The whip performance and the transmission line antenna performance

are very similar when mounted on a person wearing an actual space
suit; at 260.0 Mc the patterns and gains are almost identical and at
295.-82 Mc the patterns are again almost identical with the whip
averaging approximately 1 to2dB higher than the transmission line
- antenna. . N ‘ N
3.6 FLIGHT.QUALIFIABLE‘ANTENNA FABRICATION
Following completion of the antenna‘ development program Motorola was

asked to fabricate and test three flight qualifiable antennas for NASA. The

design is based upon the results obtained in Section 3.5, Detailed Evaluation.
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of the Transmission Line Antenna. This design was to be a dual frequency
transmission line antenna for use on the PLSS.

" To preserve the interface between the antenna and the PLSS and their
stéwage in the space vehicle certain additional ground rules and constraints
were identified for the flight qualifiable models. Following is an itemization
of each of these:

1. The PLSS thermal garment must maintain an intimate contact with
the antenna ground plfa.ne.
2. The envelope of the PLSS shall not be increased by modifications on
the transmission line antenna. h
3. Holes or slits placed in the PLSS thermal garment for the purpose of
running cables and placing the antenna mounting feet shall be kept in
a nominal size and when possible shall be placed beneath the antenna
ground plane.
4. The coaxial cable leading from the antenna should remain beneath
the PLSS thermal garmént at all times. |
5. Mouniing feet which are to be placed beneath the antenna ground plane
should be located beneath the fiberglass cover of the antenna radome.
The antenna is packaged in a configuration which will ensure that it will
withstand all of the rigorous énvironmental conditions to which it would be
subjected during a typical Apollo mission, and also with a weight which is
consistant with the mission requirements. Its design encompasses each of
the ground rules as set forth above. The antenna consists of 4 basic parts:
the base plate, éable assembly, spiral radiators, and the radome. Figure
74 is a view of the antenna showiﬁg the basic ante'nna structure. The base
plate which contributed most of the structural integrity of the unit is made
from gold plated aluminum alloy. The base plate she,l'l is made from 0.031
inch thick aluminum alloy and dip-brazed together. This forms a rigid, but
very iight structure. The 0.25 inch base plate thickness is imposed by mount-

ing considerations; and, therefore, the plate is necessarily hollow. This
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base plate also contains the three plated alu;ﬂinm mounting feet (which will
pPlug into the PLSS), the connector assembly mouﬁt, tuning access holes, and
the post for the radiating elements. The cable as sembly} has a Deutsch type
DC3—500905 connection, a section of RF 142B/U RF cable and'a plated brass
connector which is attachéd to the base plate with (4) screws. The stripped
end of this cable is then fed through a hole in the base plate and is soldered
to the appropriate place on the post which is determined by electrical tests,
The spiral radiating elements/ are silver plated invar wire and are soldered
into holes in the mounting post. Tuning elements are screwed onto the free
end of these elements and used for .adjusting the resonant frequency of the
elements. This tuning mechanism, shown in Figure 75 provides a screw-
driver adjustment of the antenna frequency +1 Mc about the optimum fre-
quencies of 259.7 Mc and 296.8 Mc. Access to the tuning mechanisfh is
located beneath the antenna ground plane through two holes. These holes
are sealed with removable screw-in plugs and silicon rubber discs. The

radome is made of epoxy-bondevd glass cloth with a thickness of 0.015 inch.

are bonded together, is filled with a rigid low density unicellular polyure-
thane foam. This foam gives support to the radiating elements, holdihg them
rigidly in position and also supporting the radome which in turn protects the
elements from damage. The exposed surface of the radome and the outer
edge of the base plate is covered with a white silicon thermal-control coating
to keep the heat flux of the antenna at an acceptable level. Figure 76 shows
Motorola assembly drawing 85-24486E giving the antenna's design features.
Figure 77 is a photograph of the completed antenﬂa unit.
3.7 FINAL ANTENNA PERFORMANCE

Prior to delivery of the flight qualifiable antennas, measurements of
VSWR and radiation patterns were made for each antenna. This data was
measured with the antenna mounted on 1) the space suit mockup and, 2) on a

-y

36-inch diameter ground plane. The measured VSWR for each case and each
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ASTERTSK INDICATES DATA
WHICHK 1S NONMANDATORY
— FOR INFORMATION ONLY

BOTES:

/1. AS SUPPLIED BY DEUTSCH COMPANY CALIFORNIA,
FED CODE 1DENT, N0, 11139, OR APPROVED EGUIVALENT,

2. ALL Sfu!l‘ TO SE DONE PER MIL-5-6872, USIG SOLDER,
TTEM 16,

INSTALL CABLE, ITEM 7 ITO HOUSINIG, TTEM 4 ALLOWING

ITEM 4 PER WOTE 2, WSTALL SLEEVEIG, ITEM 23, (SHRSIKO
4, ASSEMBLE ELECTRICAL PLUG, ITEM 8, TO CABLE, ITEM 7,

S.  ALIGN SUPPORT, [TEM 21 AS REQUIRED AND SOLDER TO BASE
PLATE, ITEM ,

AFTER SOLDERING ITEM 21, SILVER PLATE , TYPE N, GRADE 8,
.0003-,0005 THICK PER SPEC QQ-5-365,

TNEIIASIITEI!IMDALLO‘ITEIIMY'ILL‘MD

BY RADOME , ITEM 2,
SoLD TE TYPE N, CLASS 3, -Hﬂ’ RISKC
IL-G-CSZOQ MD.STALLSCIEW

7. SOLDER ANTEWNA ELEMENTS , ITEMS 19 AND 20 TO ITEM 21,

8.  ATTACH CABLE SUBASSEMBLY OYEMS 4, 7, 8, 23) TO BASE
PLATE, ITEM 1, USMIG (TEMS S, 6, 9, 10, 11, 12,13
RUNNING TEFLON WSULATED WIRE THRU WOLE W ITEM 1.

A AFTER CUTTEIG YO LENGTH, SOLDER STRIPPED END OF CABLE,
TTEM 7 WTO HOLE M ITEM 21 OR TD [TEMS 19 OR 20 AS
REQUIRED FOR ELECTRICAL PARAMETERS,

SOLDER JOMTS ARD ADJACENT AREAS , AS REQUIRED , TO BE
SHVER PLATE , TYPE H, GRADE B, .0003-,0005 THICK PER
SPEC QQ-5-365,

,A1.  INSTALL COWTACT, ITEM 3, 2 PLACES, ADJUST AS REQUIRED,
< AND SOLDER TO ITEMS 19 AND 20.

/12\\ FOAM USING ITEM 14. AS SUPPLIED BY CPR DIVISION OF
—— UPJOMN CO., TORRANCE, CALIFORMA, FED COOE IDENT L3
18975.

13, ADJUST ITEMS 24 AND 25, FOR MINIMUM INPUT VSWR AT THE
REQUIRED FREQUENCIES AFTER FOAMING.

,'14.5 EPOXY RESIN, {TEM 18 PER MIL-R-9300, TYPE li, CLASS 2,

N
(15, BORD ITEMS 28 ANG 29 TO ITEM 1 USHNG ITEM 18.

16. BOND RADOME, ITEM 2 TO ANYENNA BASE PLATE, ITEM 1
USING (TEM 18,

17\ MASK ENTIRE BOTTOM SURFACE AND CABLE. FIMSH THE
Ces EXTERNAL SURFACE WITH TWO COAT PRIMER, #0. 4097,
AND 2 COATS AERD SPACE SEALANT WO, 92-007, AS SUPPLIED
BY DOW CORMING CORP., SAGINAW ROAD, MIDLAND, MICHIGAN,
FED. COOE IDENT. NO. 71984,

18, MARKING TO BE LOCATED APPROXIMATELY AS SMOWM. MARK
W PERMANENT BLACK CHARACTERS . 12 MHGH OF CONDENSED
GOTHIC TYPE USING IRK, M-O- W/CATALYST A, CODE 79436

(@9 2 PLACES

(3) 2 PLACES

SeCcTioN A-A
SCALE 2/1

LB2 REF e
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unit is tabulated as a function of frequency as follows:
Space Suit Mockup Test ) ]
Frequency Mc VSWR Unit Number

1 2 3
258.7 1.08 1.13 1.12
259.7 | "1.07 1.10 1.09
260.7 | | 1.08 1.10 1.06
295.8 /103 1.08 1,40
296.8 o 1.09 1.06 1.40
297.8 o | 1.07 1.09 | 1,40

36-inch Ground Plane Test

Frequency Mc VSWR Unit Number
L z 3
259.7 ' : 2.2 2.10 4.1
fl ‘ 2.1 1.98 2.3
296.8 v 1 1.82 2.9 3.3
fz  ‘ 1.7 = - 2.1 3.2

The 36 inch ground plane test shows high VSWR's at the original resonate
frequencies of 259.7 and 296.8. AThis is to be expected as the antennas were
originally tuned on the space suit mbckup. VSWR was also measured at the
new resonate frequencies fl and fz.

In addition, impedance plots versus frequency were made for unit number
one. These data are shown in Figures 78 and 79 for the space sx_xit mockup
test and Figure 80 for the 36 inch ground plane test. Units two and three
have similar impedance characteristics. ‘

Radiation patterns were measured at each center frequency for each an-
tenna in each mounting condition. These are shown in Figures 81 to 90 for
the mockup test and Figures 91 to 93 for the ground plane test. Each pattern

is marked to show sector of interest. In addition, the data for unit number

one was reduced to contour plots and are shown in Figures 94 and 95.
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4. CONCLUSIONS

1.

The purpose of this report has been to de scfibe the activities, antenna
design considérations, tests, and test results achieved during the cou,rée of
the Space Sﬁit Communications Antenna System study. The data presénted'
herein shows the performance of each antenna under specific mounting con-

ditions and is the basis for the following conclusions:

The performance of any of the radiating systems studied in this in-

vestigation was impr&ﬁed by elevating the system. In particular,

| the helmet location is far superior to the PLSS location and the

PLSS mounted antennas improved if they weére raised above the
normal flush mounting condition on the surface of the PLSS.

Currents on the conductive thermal garment generated fields that

caused nulls to Aappear in the antenna patterns. This cannot be avoided

without properly treating the thermal garment to reduce‘ its conduc-
tivity.

Erection-retraction mechanisms can be made to function satisfac-
torily, however they add considerable weight and complexity to the

system. For these reasons a fixed antenna system is more desir-

Visor position does not affect the radiation patterns.

The transmission line antenna has excellent impedance matches at
both frequencies of interest, has satisfactory radiation patterns
on the PLSS and has excellent patterns on the helmet.

The whip exhibits generally poorer impedance matches compared
to the transmission line antenna; however, it has a slight gain

improvement at the higher frequency for the. PLSS mounting.

C
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5. RECOMMENDATIONS

The following recommendations are made based upon the experience

gained and the information derived from the performance of this investiga- -

tion:

1.

Based upon the electrical, mechanical, and environmental réquire-
ments imposed upon the antenna system, it is recommended that the
dual frequency transmission line antenna be employed with the Apollo

/
astronaut communication system. This selection is based upon the

mechanical characteristics, low profile configuration, and electrical

performance demonstrated during the program.

The whip should be consiciered as a bacl;-up, or alternate antenna
system. Its radiation patterns and gain when mounted in the PLSS
location are approximately equal tc; those of the transmission line
antenna, however its input impedance and configuration are less
desirable.

Future efforts to improve the radiating system should include the
reccnsideration of the helmet as an antenna location.

Sig--i_icaﬁt changes in the space suit and/or PLSS, in size, relative
position, composition, or configuration should be accompanied by a
reconfirmation of the antenna system performance and a considera-

tion of possible variations of antenna design or location to improve

the antenna system performance.
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1.0 INTRODUCTION

" The purpose of this Technical Memorandum is to clarify the Propagation
Effects Study submitted as the Appendix ﬁo Contfact Semimonthly Progress
Report on Space Suit Communication Antenna System Aated 10 December 1965. The
results of the above document (Free Space Path Loss = 96 dB, Multipath Loss =
32 dB, Total Loss - 128 dB) are gssentiallf correct for the worst case
conditions of propagation over # perfectlylflat'surface. However, some of the
terminology used in that document is subject to misinterpretation andvthérefore
warrants clarification, Also, it can be shown that long range undulations in
the surface,\such as the n;tural curvature corresponding to the lunar radius can
significantly reduce the multipath losé to a value on the order of 10 dB. This
. Technical Memorandum is completely. self contained, and may be employed without-
the necessity of referring to the previous document,

The objective of this analysis is to evaluate the effeéts of the lﬁhar
surface on the link loss of ithe astromaut-LIM commmications link, In
accordance with the specified system geomeiry, it is assumed that an
. unobstructed line of sight exists between the two terminals, Under this
condition the primary effect of the lunar surface is multipath fading.
Nevertheless, a rudimentary analysis of obstacle effects is included in
order to establish broad limitations on the tolerable dimensions of intervening
fidges and to facilitate a preliminary appreciation of the magnitude of the
resulting diffraction loss, .

At the present'time, no reliable data is available on localized rf
characteristics of the pertineﬁt region of the lunar surfaée. ’Thorefore,

to permit a systematic analysis, it 1s necessary to assume a modelyof the



lunar surface that is as realistic as possible, In this case, the assumption"
of a smooth, lossless dielectric surface ylelds a conservative estimate of
the link loss.

The following sections discuss system geometry, rei#tions between
intrinsic surface parameters and reflection characteristics, multipath effects,
obstacle diffraction and polarization loss. |

2.0 TECHNICAL DISCUSSION

This éection discusses factors affecting propagation in the astronaut-
LEM communication system and presents. calculations of the various contributions
to the total loss,

2.1 SYSTEM PARAMETERS

The system geometry is shown schematically in Figui'e l, It is assumed
that an unobstructed line of sight path exists between the two terminals of
the link, . However, the effects of large obstacles are discussed in |
Section 2.ii, The parameiers of the comminications link are tabulated in
Table I’.

This memorandum is concemed only with evaluation of the link loss and
does not consider internal system parameters such.as transmitter power,
signal-noise ratio, réee}ver sensitivity; etc. |
2,2 FREE SPACE PATH LOSS

When propagation through free space is considered, the ratio of received
to transmitted power is ' |

P'.l‘ m ,‘. : | | Y S

vhere \ is the wavelength, The free space path loss is designated by
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Figure 1., System Geometry

Table I, Link Parameters
Astronaut Antenna Height: by =61,
LEM Antenna Height: ‘ h, = 2 ft, .

Maxdimum Range: <" 18,000 ft,

Dma
£, = 259.7 MHg"

.

Operating Frequency:

Worst Case Astronaut Antenna Gain: Gl = =1} dB
LM Antenna Gain: G2- = «3 dB

¥Some calculations are also carried out for 296,8 MHz.
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Nomographs of equation (2) are available in several sources.l For this
system the free space path loss at the maximum range of 18,000 ft. is

Frequency = 259.7 MHz | L(&B) = 95.5 dB o

Frequency = 86 8 MHz L(dB) = 96,6 dB,
At the receive terminal the signal power is reduced by the product of
the free space path loss and any additional loss occurring in the syst.em,
such as muitipa.th. |
2.3 MULTIPATH EFFECTS . ‘

Multipath is caused by interference betweeri the signal directly radiated
along the line of sight and signals that are reflected frbm objects> or terrain
in the vicinity of the communications link., The magnitude of the resultant
received signal is determined both by the path length differences or phase
shifts introduced by the system geometry and by’. f.he reflecting propei'tiés
of the terrain. ) |

In particular, if the reflecting terrain is rough, or if there are many
randomly spaced scattering objects, the total reflected field will generally
consist of a superposiiion of ‘'many reflected fields .of random amplitude and
phase, and the total field can then be interpreted as the sum of a constant
vector and a Rayleigh distributed vector, On the other hand, if the surface
is smooth there will be only one reflected ray, with a unique phase and amplitude,
The net result is that a truly mﬁgh surface displays an 'lrregulér or random
interference pattem, with fade depths of greater than 30 dB occurring with a
probability of less than 5 x 10 -4 and fade depths of 10 ‘dB occurring with about
5% probability, when a line of sight path exists. ‘ However, a truly smooth

surface with a refiection coefficient ¢f =1 will result in a well defined

interference pattem with relatively deep nulls, Thus, the assumption of a



smooth surface leadé to a worst case analysis. The following subsections

. examine the factors that deterﬁxine whether or not specular reflection occurs,
the effect of ﬁaterial parameters And system geometry on the effective _
reflection coefficient, and thé resultiné multipath loss. It is shown that

finite curvature of the lunar surface or long range undulations greatly affect
the loss.

2._3.1 . Surface Roughness »
The Rayleigh criterion provides the most widely accepted and’ successﬁ:l
appmach for determmining the relative Specular or diffuse scattering
properties of a surface. This criterion is ordinarily applied to detemine
the vertical dimensions of surface irregularities that are required to
produce specular reflection at a given wavelength and angle of incidence.
However, it also can be, and in'this case shoul;d 6 extended to determine the

lateral dimensions as well.,

aeffect of the vertical dimensions of the surface

{
3
s'!'
&

First, cousidering
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irreguiarities, a cross an ideali zed rough surface, taken in the

plane of incidence, would be as shown in Figure 2,
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Figure 2, Vertical Cross Section.through an Idealized Rough Snrrace




The distance hms is taken as the ms value' of the vertical dimensions of the
surface disturbance, Hence, the rms value of the phase shift between the
reflected waves A! and B' is

Lnh (
A = )‘rms sin o . ' ' - (3)

" Lnh

cos 9;/,

where o is the grazing angle and & the angle of incidence. The criterion of
Ag = -3 was originally specified as the dividing line between specular“and :
diffuse reflection. Other values, namelyﬁ and g, have more recently been
suggested as more ma‘l:l.st!.c.z’3 However specular reflection represents the
worse condition for this system, so in keeping with a worst case analysis,
the critical valug is ﬁssumed to be ﬂ., Hence the condition that the surface
behave as a specular scatterer is

hr:’ cose-%-ssina<% . . (L)

At the longest range, the grazing angle will be less than 3%)—0- radian, Hence,
with a wavelength of 3.8 feet at 260 Mc, the Rayleigh criterion implies that
the surface would behave as a.specular,' or smooih, scatterer if the vertical
dimensions of the surface irregularities were less than 260 feet, This is
considerably greater than the antenna heights and therefore does not give a
realistic appreciation of the effects of roughness, "~

It is also necessary to consider the lateral scattering which can occur

from irregularities and obstacles in the vicinity of the communications system,

A second elementary principle statés that the scattering properties of a surface

are determined principally by the region of the surface that lies within the

\
1}

first Fresnel Zone,  The boundary of the first Fresnel zone is the locus of

scattering points for which the difference between direct and reflected ray




paths is one half wavelength., A disbussion of this principle is beyond the |
scope of this analysis. For antenna heights much less than the range, the
first Fresnel zone is an ellipse with foci at the trénsmitt:lng and receiving

termminals as shown in Figure 3.

Figure 3, First h‘esnél Zone for Low Antemas

The ﬁinor axis of the ellipse is given by W = of A\D for A << D, or W = 260 rt, at
the maximum range of this system. '

This principle thus states that for the surface to behave as 'a specular
scatterer it must be smooth over the first Fresnel zone. This means that for
small antenna heights the Rayleigh criterion must be' satisfied for all points |
‘of reflection within the ellipse of Figure 3, where the angle of incidence,

Y] & is now defined asvhalf of the angle between the direct and réflect_ed rays, -
and hms is 1nterpret¢d as a lateral dimension of the surface irregularities.
It can be seén that the shaded area of Figure 3 is .about 64% of the total area
of the ellipse, Hence, applying the Rayleigh criterion with the "angle of |
incidence" given by Oo of Figure 3, will determine rea'sonéble limitations on
the 1a£eral dimensions of the surface irregularities, ‘

It can be shown that for ) << D

Con 8, mf 5 | (5)




and thus with low antennas the Rayleigh criterion for the lateral dimensions of

surface irregularities becomes

‘}ms’r%?"tf y - | | . (6)

Thus at 260 Mc if the lateral dimension; of all s‘urface irregularities lying
within £ 130 feet of the line of sight are less-than about 30 ft., the surface
can be considered a specular sca[tterer. (Note if Ag = E or A¢ -Vg-thad been _
taken as the critical values in the Rayleigh criterion, the critical dimensions
would have been 16 ft, and 8 ft., respectively.)

Present information on local statistical characteristics of the lunar surface
are limited to interfeiences from radar astmﬁorrw data and photographs taken
by Rangers 7 & § and the Russian Luna 9., Radar astronomy measurements taken
from earth based sites are naturally limited to _mea.suring the average charac-
teﬂ.st:l.cs of relatively large (>> 3 miles) regions of the lunar surface.
However, measurements of the frequency dependence of the directional scattering

)]

the libration-induced power spectrum

)
[

properties of the moon, and measurement:

IJI

of reflected signals have provided semi-quantitative information on the
statisti:c&l characteristics of. the lunar surface :lrregularit.i‘es.h These
measurements indicate that a large percentage of lunar surface irregularities
e:_clat either as large undulations with dimensions of at leasttens of meters,
or as small inhomogeneities smaller than 1 cm. This would be consistent with
a model of the lunar surface consisting of large undulations made up of very
porous rock or covered with a layer of smll partimlaté matter. This is also
consistent with the close-in photographs transmitted i‘rom Ranger 8»and Luna 9,
Therefore, with an unobstructed line of sight, and with the geometry
characteristic of this system, the assumption of a smooth, specularly reflecting
surface is not unrealistiec. Furthermore, this assumption is conservative and

provides the basis for a worst case multipath analysis.



It will be shown in Sections 2,3.3 and 2.3.l that even for a surface which
is locally smooth in the Rayleigh sense, the presence of long undulations s O
variations from planarity, can considerabl& reduce the amount of multipath
loss.

2.3.2 Reflection Coefficient

For a perfectly smooth surface it is heceasa;ry to detemine the dependence
of .the reflection coefficient ui)on the grazing angle and upon the surface
material parameters. For vertical polarization at small grazing ahgles, the
amplitude reflection coefficient can be written

Rv"YFa WP -1+ 0?2 ’ I
It + -1+ a2 y ’ :

where o is the grazing angle and Y is the nomalized characteristic admittance
of the retlecting medium, given by

. . |
-hF--e—ou-a%) : . | ®)

rom 1075 to 10"'_‘_0_'_1 ML, Ttis reasonable

Ity

MWeaze Fee am e A = ——
For dry earth, values of ¢ rangs

to expect that the lunar surface is at least as poor a conductor as dry earth,
and hence at 260 MHz it can be assumed that we >> o, i.e., that the lunar
surface material consists of a pure dielectric, For e/eo > 2 and for grazing

angles less than 1°, equation (7) can be rewritten

R-'l"'—_'-q- ° . , | (9)

For miltipath calculations it is convenient to rewrite (9) as

R=al4+8 ,

2( -E—)u
where B oo, (10)




It can be shown that B reaches a minimum for -:—- = 2, Also, it is unlikely
0
that the relative dielectric constant of the lunar surface would exceed 10,

because of its porous mature, and a value of e/eo < 5 would be much more

realistic. For the geometry of this system at maximum range, the grazing

angle is 5%5 radian. Thus for e/e = 2, B will be 715 and for :—o = 10,
B will be % Tt will be shown in Section 2,3.L this difference is
insignificant and that the intrinbic reflection coefficient can be taken as -1
in the flat surface mltipath calculations.

It should be noteci that if the surface were a good conductor, the
reflection coefficient for vertical polarization would be +1 rather than -1,

2.3.3 System Geometry

In this subsection it is first assumed that the surface is flat, with
the effects of the finite lunar radius and surface curvature taken into account

later. The geometry pertinent to the multipath analysis for a flat surface

is shown in Figure L. " TERMINAL NO.2

TERMINAL NO. |

¥
N

» )
S ///////////f///;7//////// TS 77777

Figure li. Flat Surface Geometry
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The grazing angle is given by

hy +h,

e e )

and the path length difference is

| ~2h , -
A-ra-,-rlf..‘!ﬁlﬁ—g- forhl,hz«D. , _ - Q12)

%,

The corresponding phase différexfée between the two paths is

Lrh h : , :
¢..1:%_"’ . (13)

It is not ‘feasible to conduct a general analysis of the c;se where
long range (as D) undulations occur in a specularly reflecting surface.

. However, an analysis of propagation with a surface curvature corresbonding
to the lunar radius provides a good example of éuch effects.

Although a derivationof the geometrical reihtionships for a curved
surface is too inwlved to present here, several nomographs have been '
published ’that permmit rapid computation of the significant quantities.h’g
The principal effect of curvature 1n. this system is to cause divergence of |
the reflected rays and thus reduce the effective reflection coefficient. The
divergence factor gives the re;iuction of the efféctive reflection coefficient

due to divergence of the scattered rays, i.e.,

Rc:urveed - dRﬂ at’

Curvature also reduces the grazing angle and path length difference,

Taking the lunar radius as 0,273 of the earth's radius, or 5.72 x 106

feet, the following quantities are computed:

Reduction of Grazing Angle: eurved " o.uk mat

. . a &= D" a
Reduction of Path Difference: Beurved = Oo17 840
Divergence Factor: d = 0,6




For undulations having a radius of curvature of 2.2 x 107

ft., the
divergence factor would be d = 0.9. It will be seen in Section 2.3.L that
the curvature and the attendant divergence lead to considerable reduction of
the multipath loss.

2.3.4 Calculation of Multipath Loss

In this section the multipath loss is first calculated for a flat
surface and then for a surface with a curvature corresponding to the
l\ma-r radius. For specular reflection, the ratio of the total received

field strength to the component in the direct ray is

%— -1+ Re? (1k)
o ' .
where R = reflection coefficient

@ = phase difference between paths

-2 ’
)

where A = path length difference.
The power loss is given by
E 2

|&=] =2+®
. [o] :

2, m cos g. | (15)

2 .
For § << 1 it can be shown that the minimum value of ‘ %—' octurs for
. ¢2 . | 1 - 1%
Rgn =1+ 'é'. . ' . (16)
(1.e., magnitude of the reflection coefficient slightly less than unity),

and that the minimum value is

Y LA . : o an

If the reflection coefficient does not take on the value given by (16), but

R=-1+p, : (18)
12



" where @ * 8 << 1, then the loss is approximately

, | - N
- 82 P2 . Q)

E
Eo
The multipath power loss will now be calculated for both flat and curved

surfaces, and a discussion of the range dependence of the total loss will be

given,

a, Flat Surface

At maxirum range, D = 16,000 ft. and with h1 = 6 ft., h2 = 2 ft.,

A = 3.8 ft. at 260 Mc, Equation (13) shows that
(1!2 =7 x 10'1‘.

In Section 2.3.2, it was shown that

2 -4 e
amin-o.hthO for-e-; 2

- and

82 - 1.2 x 107 for £~ = 10.

o

Hence from Equation (18), the multipath loss in dB is
" o

e - ! .
L(dB) = 10 Logyq -e-‘l = 3,3 dB for i- - 2
. (o]

= 0.8 dB for &~ =10 .
e0

It 1s seen that variation of the relative dieleciric constant of the surface
from 2,0 to 10 has little effect on the multipath loss, and a value of 31 dB
can be taken as a worst case.figure for propagation over a flat surface.

b, Curved Surface

As discussed in Section 2.3.3, if a curvature corresponding to the lunar
radius is assumed, the effective reflection coefficient due to divergence is

about 0.6, (d = 0,6, Reff = dR). Thus, equation (1) becomes

13



g— =1-0.6 [Cos@+jSin ¢J

o

and for @ << 1, the loss is

2
E 2
T = (1 - 0.6) bl 0016
o

~or the miltipath loss is & dB.

The value of the divergenée factor, d, is based upon the iaws of
geometrical optics and if the curvature of the earth is Sufficienf to affect.
the reflectién coefficient to this great a degree, then additional loss due
to diffraction by the sopherical surface may be significant even though a 1ine
of sight exists., However, the diffraction 1oss for this system will not be
more than about 2 dB so that the total of the muitipath loss and the
diffr;ction will be 8 to 10 dB. Similarly, it ean be shown that for
undulations having a radius of curvature of 2.2 x 107 ft.; the divergence
factor would be about 0.9, and the resulting muitipath loss wbuld.be 2 dB,

It is noteworthy that the tremendous difference in multipath loss between
the flat surface and curved‘surface cases results from a seemingly insignificant
deviation of the surface. At a distance of 16,000 feet, the deviation between
a flat surface and a curved surface corresponding to the lunar radius is
only 26 feet., A deviation of only L feet would correspond to a radius of
curvature of 2,2 x 107 feet. Furthermore, it should be noted that there can
exist many localities where the full surface cgrvature would not be realized,
For example, in the vicinity pf a mountain range or crater, the groundlcould
easily rise by as much, or even more than 2§ feet in 3 miles, thus cancelling
the surface curvature, or even leading to a negative curvature.

The effect of a negative curvature would be to cause convergence of the

reflected rays thus increasing the magnitude of effective reflection coefficient

| | 1,



to a value greater than unity, However, it was pointed out ;bové (Equations (16)
and (17)) that the maximum multipath loss occursAwith the magnitude of the
reflection coefficient slightly less than unity, and that ﬁhé maximum loss in

dB is 10 Loglo iz « Hence, there is no value of curvature, either positivé or
negative, that will cause the multipath loss to exceed the flat surface value.

c. Range Dependence of Total Loss
2

The quantity 8 equation (19) gives the ratio of total received

E_
o

power to the power that would be received under free space conditions. The -

 total loss, including both multipath and free space loss, for a flat surface,
with § = 0, can be found by combining equations (2), (13), and (19)
Y |
o =~ — » | (2
which is seen to ﬁary inversely with the fourth power of th§ range, and is -
independent of frequency. To compensate for the worst case loss of 32 aB,
would tuué require reduction of the range by 8 dB or a factor of 0.16,
Thus, resulting range would be (0,16) (16,000) = 2900 ft, or less than 1/2 mile,
2. OBSTACLE DIFFRACTION LOSS
The ground rules for thi; study state that a clear line of sight shall
- be maintained between the two terminals.' However, to provide a preliminary
appreciation of possible obstacle effécts, this subsection presents typical
examples of knife edge diffraction ioss for the frequency and typical ranges

of this system, The geometry to be considered is shown in Figure 5.2

£



OBSTACLE

TERMINAL NO,!

[

<

d,

Figure 5. Obstacle Diffraction Geometny-

H is the height of the obstacle above the line connecting the terminals.

The obstacle diffraction loss and total of the obstacle loss plus free

h--.
4 1]

O
awwl

[mbe

space paih 1085 is s

n Figures 6 and 7 for the special case of equal
separations, d1 and d2, of the two terminals from the obstacle. The

curves are valid only for dl’ d2 >> H, and therefore should not be relied

upon in the regions shown by the dashed lires., Also, the obstacle must be

relatively sharp to approximate a knife edge. These curves also neglect

possible multipath loss due to reflections between the obstacle and either

Y TERMINAL NO.2

terminal. Of course it is unlikely that flat surface conditions would prevail

in the vicinity of a large obstacle, and therefore, multipath should account

for more than 10 dB additional loss,

Obviously, it is not possible to give a systematic treatment of diffraction

loss for a1l possible combinations of terminal to obstacle disiances, or for

various combinations of multiple obstacles, and such cases must be treated

individually.

16
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2.5  POLARIZATION LOSS
Assuming that the LEM antenna is vertical, the loss due to.misorientation

of the astronaut antenna is given by

Lpol (dB) = 20 LOg10 Cos..y ? _ N (2)

where y 1is the tilt angle of the astronaut aﬁtenna away from vertical, Hence
for a LS° 1t the loss is 3 dB, etec. A

| Since the reflection coefficient of the lunar surface is approximately
=1 for both vertical and horizontal polarization, the multipath loss will be

practically unaffected by antenna misalipgnment.,

3.0 SUMMARY AND RECOMMEN DATIONS

This memorandum has pointed out that the dominant effect of the lunar surface
on line-of-sight propagation in the Astronaut-LEM communications system will
be mul tipath loss.due to interference between the directly transmitted ray
and reflections from the lunar surface. Detail data on lunar rf surface
characteristics is presently not available, However, for the frequenciss and
geometry involved in this system, it is very likely that the lunar surface will
behave £s a sgpecular, or electrically smooth scatterer, particularly if a
relativély level, unbroken plain is chosen as the landing sité.

On this basis, the worst case multipath loss would occur for a perfectly
flat surface and would amount to approximately 31 dB. However, the presence of
relatively gradual, long range undulations, comparable for example with the
mean spherical curvature of the lunar surface, will cause divergence of the
reflected waves, with a corresponding change of the effectiﬁe surface reflection
coefficlent, resulting in a significant reduction of the multipath loss,

If the surface in the vicinity of the communications link were to

appear rough for the geometry and frequencies of interest, the multipath

19



interference pattern would be "randomized," In this .casé, 30 dB nulls would
occur with very low (< 5 x 10.h) probablility and with very small spatial
extent, while 10 dB nulls would occur with probability of about 5%. However,
rough surface, or diffuse, scattering would be realized only if a statistically
large number of surface irregularities ﬁere present with mms dimensions on the
order of tens of feet, or if antenna heights of hundreds of feet were
employed, and such conditions cannot be realistically assumed for this system,

| Assuming then, that the surface behaves as a specular reflector, the
following values are obtained for the free space and multipath loss of this ‘
system at 260 MHz and a rénge of 18,000 feet:

2.
Free Space Path Loss: _L—Z : 96 dB

Flat Surface Multipath:

: 1'6n2h1h2
Loss (Worst Case —21-)-2—— : 31dB
: .

Curved Surface Multipath

Loss, Radigs of Curvature

= 5,7 x 10° ft. (Lunar

Radius) (26 ft. deviation

from flat surface) : : 8-10 dB
Curved Surface Multipath

Loss, Radfu}s of Curvature

= 2,2 x 10" ft.

(4 ft. deviation from

flat surface) : 20 dB

Since the occurrence of a surface which is perfectly flat, i.e., within
L4 £t. or 26 ft. s would be a rather rare topographical phenomenon, the 32 dB
mltipath loss figure should be considered as representative of a case which is
definitely worst. It appears'that a more realistic value of the multipath loss
margin would be 10 to 15 dB,

The total path loss, including both free space and multipathx loss, increases

approximately as the fourth (Lhth) power of the range. Thus, if a multipath loss




of 12 d8 is assumed for the mximum range of 18,000 feet, it would be méessary
 to reduce the range by 3 dB, or a factor of two, in order to compensate for
the multipath loss, -

In order to provide a preliminary gppreciation of tolerable limitations
on the effects of intervening obstacles, such as ridges or crater rims, data
on knife edge difi"raction loss hé.s been présented»for a few realistic values
of the system geometry. Spec'iﬁic cases, involving other geometries or multiple
obstacles, wouldrrequire individual treatment. .

Because of the limited extent of this study, it has been necessary to
assume a rather idealized model of the surface séattering process, This has
involved simplifying assumptions with regard to both the electrical and

topographical characteristics of* the lunar surface. However, it is seen
| that the assumptions regarding thevelectrical parameters are not nearly so
critical_nor restrictive as those of the topographical features. Therefore,
even if no further data on the lunar rf surface characteri stics were to
become available, consideration should be given to the possibility of refining
the propagation loss calculations by taking topographical details into account.,
Such an investigation could follow two approaches: one directed toward
obtaining statistical characteristics of the mul tipath loss, based upon the
statistical characteristics of the topography, and the other directed ‘boward.
deriving specific ioss figures for individual propagation paths with specified
iopogm;hical parameters, The latter approach would require data on elevation
deviations accurate to within about * S ft. or £ 10 ft. Thus, if only
inaccurate topographical data 'were avallable from such sources as astrononiica.l,

Ranger or Lunar Orbiter photographs, this investigation would be limited to

the former approach.
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